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ABSTRACT 
Delamination is currently a largely undetectable form of damage in composite laminate 
materials.  This thesis will develop a method to more easily detect delamination damage within 
composite materials.  Using finite element analysis modeling and lab testing, a new method from 
interpreting the results obtained from existing structural health monitoring techniques is 
developed.   
Lamb waves were introduced and recorded through an actuator and sensors made of 
piezoelectric material.  The data was then analyzed through a novel data reduction method using 
the Fast Fourier Transform (FFT).  Using the data from FFT, the idea of covariance of energy 
change was developed.  By comparing the covariance of energy change in beams with differing 
delamination size, thickness and depth, correlations were able to be developed.  With these 
correlations, the severity and of damage was able to be detected. 
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CHAPTER 1. INTRODUCTION 
1.1. Background 
Composite materials are becoming more widely used in a variety of structural areas.  
Whether it is in bridge rehabilitation, aerospace engineering, or other areas, a move toward 
lighter and stronger materials is being made.  Composite laminates are one popular form of these 
materials and are being used more and more in the aerospace field [1, 2].  While these composite 
materials have extraordinary benefits with their physical properties, they tend to generate various 
damages during their usage, including many barely visible damages, due to its composite 
components and layered structure [3, 4].  One of these most critical damage modes in these 
composites is delamination [5, 6]. Since failure of structures in the aerospace field can be 
extremely costly and possibly causes great danger to thousands of travelers, there comes an 
urgent demand for accurate methods of delamination detection. 
Delamination is a result of the method in which the laminates are produced, namely a 
layer by layer process [6].  Delamination may occur between any two neighboring layers of the 
laminate, making detection from purely exterior visual inspection all but impossible.  This is 
referred to as barely visible damages, BVD [1].   Once delamination has occurred, the physical 
strength properties of the composite material may be greatly reduced or even completely 
compromised [6].   While there have been numerous studies to locate damage in both metallic 
and composite materials, there is still difficulty with accurately detecting delamination damage 
due to its special planar shape.   
In addition to real-time detection of the damage, the weight of the monitoring system is 
also of great importance.  Since the light weight of the material is one of the desirable qualities, it 
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is important the sensors being used will not affect the overall weight significantly.  From 
previous studies, it has been shown that piezoelectric sensors (PZTs) are an appropriate choice 
for health monitoring while not being over cumbersome [7, 11-15].   
Piezoelectric sensors are able to be applied directly to the laminates, while not hindering 
the overall performance of the composite.  By using the PZT as a series of actuators and sensors, 
it is possible to detect damage location as well as severity throughout the composite materials.  
The actuators are used to create waves which are then altered by changing conditions, such as 
boundaries or damage.  Using the feedback from the sensors, one is able to effectively evaluate 
the damage.  In this thesis, PZTs will be used to generate and receive Lamb waves.  Lamb waves 
have long been used in the SHM field and are discussed in Section 1.2.1.   
While there are currently methods for structural health monitoring available for 
composite laminates, there is room for improvement of the methods.  As mentioned before, 
delamination remains an area in which current SHM systems struggle.  Another current problem 
is the data reduction methods. Data reduction based on time of flights has been proven to be 
limited in determining multiple damages and damage severity [22]. 
This thesis paper will be divided into 5 chapters.  Chapter 1 will provide an introduction 
and literature review of techniques to be used in the research, including Lamb wave generation 
and PZT sensors and actuators.  Chapter 2 will explore using commercial software ANSYS to 
perform wave propagation and composite material modeling. The modeling parameters used in 
the research will include wave modes, frequency, and different lay-up configuration of 
composites.  Validation of the modeling techniques will be provided through comparison with 
previous experimental and numerical works.  The modeling process will then be expanded to 
new areas including multiple delamination/damage detection and new data reduction methods 
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will be invented to correlate damages with signal processing indexes, which will comprise 
Chapter 3.  Chapter 4 includes the experimental validation of the suggested data reduction 
method obtained in Chapter 3.  Finally, Chapter 5 provides a summary of the thesis, including 
conclusions and recommendations for further study. 
1.2. Lamb waves 
1.2.1.  Introduction 
Lamb waves have long been used as a method for damage detection. Lamb waves 
provide a non-destructive method for detecting both damage location and severity.  As far back 
as 1961, Worlton already used Lamb waves in Structural Health Monitoring [10].  In 1967, 
Viktorov provided the theoretical foundation for Lamb wave propagation through elastic media 
and damage detection applications [8].  Since location is a key component to useful SHM 
systems, the wave velocity must be known for the media being monitored.  Coppens and Wilson 
analyzed the governing equations of Lamb waves during their research in the 1970s [9].  From 
these governing equations, propagation of the Lamb waves can be described through dispersion 
curves which will be discussed later in this chapter.  Since their introduction to SHM, there have 
been numerous studies on the usage of Lamb waves, some of which are summarized in Section 
1.2.3. 
It has been shown that Lamb waves are able to span large distances quickly and respond 
to interference in the propagation path, such as a boundary or damage [16, 17, 19].  In addition, it 
was shown that Lamb waves are able to monitor the entire thickness of material they are 
propagating through [19, 20].  This is especially relevant since the major damage type to be 
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investigated in this thesis is delamination.  Since delamination may occur at any depth, it is 
important to inspect the entire laminates.   
Structural health monitoring, including the Lamb wave method, can be broken down into 
levels of detection based on their level of demands.  In order of increasing difficulty the 
following pieces of information may be obtained: 1) indication whether or not damage has 
occurred, 2) location of the damage, 3) severity of the damage, and 4) prediction of structural 
safety [18].  For this thesis, the focus will be limited to detecting damage location and severity.  
In addition, the ability to detect several instances of damage within one material, namely several 
areas of delamination in a composite laminate, will be explored. 
1.2.2.  Theory 
Lamb waves were discovered in 1917 by Horace Lamb.  Lamb waves are able to exist in 
thin plates with parallel free boundaries, which will be the medium used for this thesis.  Lamb 
waves are made up longitudinal and shear components, characteristics of which depend on the 
geometry of the structure, excitation method, and angle of introduction [21].  There are two 
distinct modes of Lamb waves: anti-symmetric and symmetric.  The formulation of each of these 
modes can be represented as [21]: 
𝑡𝑎𝑛(𝑞ℎ)
𝑡𝑎𝑛⁡(𝑝ℎ)
⁡= −
(𝑘2−𝑞2)2
4𝑘2𝑞𝑝
⁡⁡⁡⁡⁡for anti-symmetric modes,                      (1)   
𝑡𝑎𝑛(𝑞ℎ)
𝑡𝑎𝑛⁡(𝑝ℎ)
⁡= −⁡
4𝑘2𝑞𝑝
(𝑘2−𝑞2)2
⁡⁡⁡⁡ for symmetric modes,                       (2)        
𝑝2 =
𝜔2
𝑐2𝐿⁡
− 𝑘2, 𝑞2 =
𝜔2
𝑐2𝑇
− 𝑘2, 𝑘 =
𝜔
𝑐𝑃⁡
                             (3)               
Where h, k, cL, cT, ω represent plate thickness, wavenumber, velocities of longitudinal 
and transverse modes, and wave circular frequency, respectively.   
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Figure 1. Symmetric and anti-symmetric Lamb waves modes [21] 
These equations show that the velocity of the waves is correlated to the frequency.  A 
wave exhibiting this behavior is said to be dispersive.  Exactly how the velocity of the wave 
propagation is related to frequency is vital to using Lamb waves as a detection method 
effectively.  With a known velocity, one is able to determine locations of interference, in our 
case delamination, with relative ease.  Therefore the dispersion curves of Lamb modes are an 
integral part of the process.  This paper will first look into thin aluminum beams as a starting 
point for damage detection.  In their research paper (Yang and Qiao, 2005), Yang plotted the 
dispersion curves for Lamb waves in alumina [22]. 
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Figure 2. Alumina dispersion curves [22] 
From the curves, it can be seen that for frequencies less than roughly 0.5 MHz, only two 
wave modes exist.  These are called the fundamental symmetric (So) and anti-symmetric (Ao) 
waves.  Since there are only two wave modes existing at these frequencies, this thesis will use 
the frequency range between 10 to 100 kHz, and it will be easier to distinguish which wave is 
producing the feedback.  It can be seen the symmetric wave travels much more quickly than the 
anti-symmetric wave.   Due to this, a higher frequency should be used when dealing with the 
symmetric wave propagation so as not to have damage passed over by too long of a wavelength.   
Similarly, dispersion curves can be developed for anisotropic materials such as composite 
laminates.  Many papers have these propagation characteristics of composite laminates, 
including dispersion curves [22-31].  The equations of motion become more complex as layers 
are incorporated and are discussed in Yang’s 2005 paper [22].  From these equations of motion, 
the respective dispersion curves are developed. 
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Figure 3. Dispersion curves for the carbon/epoxy laminate [22] 
1.2.3.  Previous works 
There have been numerous studies on the use of Lamb waves as a damage detection 
method both in metals and composite materials.  One study similar to this research was done at 
the Naval Academy by Palmos in 2009 [32].  This thesis discussed the use of Lamb waves to 
detect crack formations and generated Lamb waves through the use of PZT wafers.  It was found 
that Lamb waves were a viable method of detection for this type of damage.  The modeling was 
done with ANSYS software, which will also be used in this thesis.  
Another study explored the response of Lamb waves in aluminum plates [33].  ABAQUS 
was used as the finite element analysis software for the modeling.  Further modeling techniques 
were explored by the Air Force Research Laboratory in 2006 [34].  There the use of forces and 
moments as a means to model Lamb waves was validated.  While studies such as the 
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aforementioned give validity to the Lamb wave method of damage detection, there has still been 
difficulty using this method to detect certain types of delamination in composite laminates [32].  
The difficulty comes when the layers between which delamination occurs do not lose contact, 
but rather they simply no longer transfer loads effectively.  Due to the conversion of wave modes 
from the delamination, it has been difficult to interpret data recorded by sensors [35].  Through 
different data reduction methods, such as FFT or wavelet analysis, this thesis will attempt to 
bring clarity to such results.   
1.3.       Piezoelectric transducer 
1.3.1. Introduction 
In order to monitor the structural health of materials still in use, the detection method 
must be non-destructive.  Non-destructive evaluation (NDE) is common among SHM systems.  
There are two types of NDE currently in use, active and passive.  While passive evaluation 
simply collects data from the structure, active evaluation interacts with the material to determine 
structural health [36].   
One popular form of active NDE is using piezoelectric transducers (PZTs).  PZTs operate 
on the piezoelectric principle and can transform electric energy into elastic energy and vice versa 
[36].  This allows one to send ultrasonic waves through a given material while controlling the 
amplitude of the wave through voltage.  Other methods of active NDE have been used, but the 
majority of studies have shown PZTs to be the most effective in both generating and receiving 
Lamb waves.   
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1.3.2. Previous works 
For nearly 20 years, research using PZTs as part of a SHM system to introduce and sense 
Lamb waves has been done.  Beginning in 1995 with Chang’s research [38], piezoelectric wafer 
active sensors (PWAS) have been explored as a NDE sensor or actuator.  A more comprehensive 
review of the use of PWAS can be found in Giurgiutiu’s 2008 book [37].  PWAS are a fitting 
choice as they weigh less than 0.1g and are smaller than 0.5mm thick for composite laminates 
[36].   
There were numerous studies of nondestructive material evaluation techniques using 
finite element analysis, which can be found in Marckerle’s review [39].  A breakthrough, as it 
relates to the current research, came with Moulin’s work that showed that PZTs may be 
embedded in a composite plate to generate Lamb waves [40].  While we will be using bonded 
PZTs rather than embedded ones, this research first showed the ability of PZTs to noninvasively 
be part of the composite structure.   
More specific research involving sensor placement and signal processing has also been 
conducted.  Valdez and Soulis have published several papers on this topic [41-43].  Included in 
this work, PZTs were compared with another method, polyvinylidenedifluoride (PVDF).  They 
chose PZTs since they required a much lower voltage to generate the waves needed.  At the time 
of their research they noted that PZTs were not conformable to the material surface, but that 
issue has since been resolved.   
The ability to isolate desired Lamb wave modes is another important consideration when 
choosing the wave generation method.  By using PZT bonded to both sides of the composite, Su 
et al. [21] were able to verify that symmetric and anti-symmetric waves could be produced using 
actuation in phase and out of phase, respectively.  Further, it was shown that frequency can be 
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controlled such that the symmetric wave dominates the anti-symmetric wave, or vice versa 
(Figure 4) [36].   
 
Figure 4. Experimental data confirming “sweet spot” for A0 and S0 wave modes 
This isolation of wave mode is particularly important as it relates to this research, as the 
effectiveness of damage detection varies with wave mode and damage type.  For example, it has 
been shown that the Ao mode is better suited for the detection of delamination [36].   
In summary, using active piezoelectric transducers will be the most effective means of 
producing and receiving Lamb waves for this project.  They are both cheap and noninvasive 
when compared to other actuators/sensors.  As remarked in the conclusions by Su et al. [21] 
“Active piezoelectric actuator/sensors are capable of generating and capturing Lamb 
waves most cost effectively for damage identification purposes, compared with other techniques. 
Large-scale integrated or embedded sensor networks can be customized using a certain number 
of distributed PZT elements.  However, PZT-generated Lamb waves unavoidably create 
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difficulty in signal interpretation.  Sophisticated signal processing with interpretation software is 
an integrated part of the approach.” 
As mentioned earlier, one focus of this research paper is to simplify the interpretation of 
results from PZTs.  This will address the concern shown in the conclusion from [21]. 
1.4. Summary 
1.4.1. Literature review summary 
From the literature review, it was clearly seen that using Lamb waves is an acceptable 
and effective method to monitor structural materials.  The method of introducing waves by PZT 
is preferable due to their small size and ease of bonding to the surface of such material.  Current 
techniques have had trouble finding and classifying delamination damage with such methods.   
1.4.2. Research objectives 
The objective of this thesis is to develop a new data reduction method to locate and 
determine severity of delamination damage within composite materials.  By developing such a 
method, the first step toward developing an index for damage severity in composites will be 
made.  
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CHAPTER 2. MODELING VERIFICATION 
2.1. Introduction 
In order to validate modeling techniques adopted in this thesis, it is necessary to show all 
modeling are conducted accurately.  By recreating the results of previous research, it will be 
proven that the modeling conducted is valid.  For completeness, one example will be included 
for each type of modeling that will be seen in this thesis.   
Included in this chapter will be results from two previous modeling examples alongside a 
reproduction of the respective results.  The software to be used in this research will be the 
commercial software ANSYS.  ANSYS is a finite element modeling software capable of 
producing all the necessary parts for the current research.  Previous works involving Lamb wave 
propagation as a means of structural health monitoring have been completed using both ANSYS 
and the similar ABAQUS software.  At least one example from each model will be recreated 
using ANSYS. 
The examples to be recreated will include undamaged and damaged aluminum beams as 
well as a layered composite laminate.  The aluminum beam examples will provide the basis for 
Lamb wave propagation and damage detection.  The composite examples will exhibit the ability 
to create a layered composite material as well as the ability to effectively represent a 
delamination. Due to limitation of space, the composite laminate example will be included as an 
appendix. Once it is proven that all these aspects can be accurately modeled, one can be assured 
the rest of the modeling in the research has a sound basis. 
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2.2. Modeling of wave propagation in an aluminum beam 
2.2.1. Wave propagation in an undamaged aluminum beam 
The objective of this first model is to show that the methods to be used for modeling 
Lamb wave generation and reception are accurate.  The undamaged aluminum beam example to 
be recreated comes from the 2005 paper by Yang [22].  The beam to be studied has the 
dimensions: 914mm x 14mm x 1.6mm.  The properties of the aluminum used were: E = 7.0 GPa, 
ν = 0.35, ρ = 2,700 kg/m3.  In the paper, one actuator and three sensors were used in monitoring 
the beam.  Free-free boundary conditions were used.   
 
Figure 5. Diagram from aluminum beam [22] 
Excluding the damage, since a healthy aluminum beam is being used, this model was 
recreated using the ANSYS software.   
In Yang’s simulation, the model was subjected to a 5 count, 100 kHz Hanning window 
axial wave (Figure 6) generated from the actuator at the left-hand side of the beam.  The strain at 
each sensor was then recorded and plotted against time.  The time period of the loading was 5 x 
10-5 s, with a time step of 10-7 s.  The total length of the simulation was given as 0.001 seconds.  
Reasoning for the determination of time step can be found in [21] and as a general guideline:     
𝛥𝑡 ≤ 𝛥𝑥 𝑣⁄    where,       Δt = time step, Δx = element size, v = wave velocity.  Given these 
parameters, the simulation was recreated using the ANSYS software.  
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Figure 6. 5 count, 100 kHz Hanning window wave 
i) Creating the Material 
With the given material properties, the aluminum material was defined.  
ii) Element Type 
The element type was chosen as SOLID 182, 4-node.  Six degrees of freedom were 
defined for each node: UX, UY, UZ, ROTX, ROTY, ROTZ. 
iii) Creating Geometry 
The geometry of the beam was created using a 2-D shape that was later given a thickness.   
iv) Creating a Section 
The section was defined as a beam section with thickness 1.6 mm. 
v) Meshing 
When determining element size, the guideline given in Han’s thesis [33] of 𝛥𝑥 ≤ ⁡𝜆/10 
is adopted. The wavelength was determined using a wave velocity of 5000 m/s, approximated 
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from the dispersion curve shown in Figure 2.  The average element edge length was taken to be 5 
mm, the magnitude of wavelength/10.  
vi) Boundary Conditions 
Boundary conditions were given as free-free.  To isolate the deflections of interest the 
beam was constrained of twisting about the x and y axes.   
vii) Loading 
The loading is applied as the 100 kHz Hanning window shown in Figure 6.  The load will 
be applied as a force, rather than a displacement in order not to constrain the model after 
applying the pulse.  First, the function must be defined within ANSYS.  This is captured as a 
multiple regime function defined as: 
𝑓(𝑡) = {
𝐴 ∗ (1 −
cos(2𝜋𝑓𝑡)
5
) ∗ sin(2𝜋𝑓𝑡) ,⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡0 ≤ 𝑡 < 0.00005
0⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡,⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡0.00005 ≤ 𝑡
   (4) 
Where A = Amplitude (N), f = Frequency (Hz), t = time(s), and f(t) = loading force history. 
For this case frequency is 100 kHz and amplitude was taken as 1 kN.  The amplitude is 
arbitrary and will only affect the magnitude of deflection, while propagation speed and wave 
response frequency remain unchanged.   
The load is then applied to nodes which correspond to the front and back of the actuator 
as a positive and negative load, respectively.  This will effectively simulate the expansion and 
contraction of the PZTs used in experimental practice.   
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viii) Defining Analysis Type 
The simulation requires a transient analysis type.  The total analysis period is set to 0.001 
seconds to be consistent with the literature model.  Using the equation mentioned earlier, the 
time step is calculated from, 
𝛥𝑡 ≤ 𝛥𝑥 𝑣⁄          (5) 
∆𝑡 = 1.25 × 10−6s 
Where, ∆𝑡 = time-step, ∆𝑥 = element size, 𝑣 = wave velocity.The model is now ready for 
analysis. 
ix) Results 
From ANSYS, the displacement of each node is able to be observed over the analysis 
period.  Nodes along the center of the beam at locations that represent the near and far edges of 
each sensor are observed.  For example: 
 
Figure 7. Aluminum beam diagram 
Change in deflection can then be determined.  In this case, ∆𝑈 = 𝑈(1𝐴) − 𝑈(1𝐵), where 
1A and 1B are the middle points of the sensor boundary line.  This will mimic the strain data 
collected by the PZT during the experiment.  
Comparison with Yang’s paper shows the modeling was indeed effective at reproducing 
the results.  It can be noted there is a difference in amplitude of ΔU, however this may be 
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attributed to differences in wave amplitude.  Another cause of this may be the difference in 
sensor width used, as none was specified in the paper. 
 
 
Figure 8. Sensor 1 (top - Yang, bottom - recreation) 
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Figure 9. Sensor 2 (top - Yang, bottom - recreation) 
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Figure 10. Sensor 3 (top - Yang, bottom - recreation) 
The results show the ability to effectively model Lamb wave propagation using the 
ANSYS software. 
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2.2.2. Wave propagation in a damaged aluminum beam 
The objective of this section is to confirm that damage can be correctly modeled using 
ANSYS software and that reflections due to damage will indeed be shown in the Lamb wave 
response.  Again the example to be used comes from Yang’s 2005 paper [21].  The aluminum 
beam is identical to the beam recreated in Section 2.2.1, except for a missing square section 
which will represent the damage.   
i) Modeling 
The procedure of the modeling process is similar to Section 2.2.1, steps i-vii. 
ii) Simulating Damage 
The damage to the aluminum beam is simulated by removing a section of the beam.  
Simulations were done with a 7mm x 7mm section removed in the reference.  To remove this 
portion of the beam, one must simple create an area at the desired spot, and use Boolean 
operators to remove the section. 
 
Figure 11. Damaged aluminum beam 
Due to the damage, meshing may need to be refined in the area near damage.  When 
using SOLID 182 elements, all elements must maintain a quadrilateral shape. 
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Figure 12. ANSYS model of damaged aluminum beam 
iii) Analysis/Results 
The same analysis method was used as described in Section 2.2.1, step viii.  Results are 
compared with their undamaged counterparts from Section 2.2.1. 
 
Figure 13. Sensor 1 comparison 
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Figure 14. Sensor 2 comparison 
 
Figure 15. Sensor 3 comparison 
iv) Comments 
From the comparisons, it can be seen that the damage did in fact alter the Lamb wave 
propagation.  The results reflect the same behavior exhibited by the experimental data of 
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damaged aluminum beams in the reference [21].  This confirms that ANSYS is a viable method 
to model and detect damages using Lamb waves.    
The changes may be due to wave reflection from the boundary and the damage. 
Sometimes, it may be due to wave mode transformation through the damage, or another source.  
These possibilities will be further discussed and investigated in Chapters 3 and 4.   
2.3. Summary 
Multiple validations have been conducted in ANSYS software to validate the modeling 
techniques in wave propagation, wave scattering, composite, and composite delamination 
modeling. The accuracy of these results confirms the ability to effectively model delamination 
damage with ANSYS.  The principles from this section will be used in Chapter 3 to simulate 
delamination in more complex composites.  
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CHAPTER 3. DETECTION OF DELAMINATION IN 
LAMINATED COMPOSITE BEAMS THROUGH COVARIANCE 
ENERGY CHANGE OF ULTRASONIC WAVES 
3.1. Introduction 
Delamination in composite materials is pervasive and difficult to detect as discussed in 
Ye’s paper. In this chapter, composite beams similar to those used in experiments in Chapter 4 
will be adopted.  The same Lamb wave detection method shown in Chapter 2 is used.  As 
mentioned earlier, detecting delamination damage only through time of flights has proven to be 
difficult in previous studies.  In this chapter a new delamination detection methodology through 
the covariance energy change of ultrasonic waves will be sought. By using the innovative data 
reduction method, it was proven that a strong correlation between delamination size and wave 
response is seen, which can be used to detect delamination locations and delamination sizes. 
All beams were modeled with free-free boundary conditions and were modeled with the 
following properties. 
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Table 1. Beam properties 
L 1200 mm Gxy 5.2 GPa 
t 12 mm Gxz 5.2 GPa 
w Unit width Gyz 3.08 GPa 
Ex 135.3 GPa νxy 0.24 
Ey 135.3 GPa νxz 0.24 
Ez 9.0 GPa νyz 0.46 
ρ 1.600 g/cm3 
 
Where L = beam length, t = beam thickness w = beam width, E = modulus of elasticity, 
ρ = material density, G = shear modulus, and ν = Poisson’s ratio. 
At the time of modeling, the beams used in experiments were not yet manufactured.  The 
material constants were taken as values for an arbitrary composite with similar composition of 
that to be used in the lab.   
 
Figure 16. Actuator and sensor locations 
Lamb waves were produced and recorded using an actuator and a singular sensor.  First, 
an undamaged beam was analyzed for a benchmark.  Next, beams of varying delamination sizes 
were analyzed and compared with the healthy beam results in order to develop a correlation.  
This chapter will discuss the data reduction methods used, a parametric study incorporating these 
methods, and finally the results and conclusions obtained from the study. 
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3.2. Data reduction by fast Fourier transform  
Due to issues detecting small changes in a wave response from deflection or strain 
curves, it is helpful to use a different data reduction method to summarize the results in a better 
way.  The data reduction method used in this thesis is to calculate the frequency bandwidth, the 
frequency amplitudes, and the covariance energy change through the fast Fourier transform or 
FFT.   
FFT is a variation of the discrete Fourier transform.  It is a well-established analysis tool 
used since the 1965 paper by Tukey and Cooley [24].  For the purposes of this thesis, FFT will 
be used to transform data of strain over time to frequency domain.  This is helpful for this study, 
as the different wave types can be more easily separated and compared when looking at FFT 
graph instead of the time-strain graph.  To exhibit the behavior of FFT, an example is performed 
on the input signal used for the modeling. 
 
Figure 17. 100 kHz Hanning window wave 
A five-count Hanning wave is shown graphically over time in Figure 17.  Using FFT 
function from MATLAB the frequencies present in this wave can be extracted.  MATLAB is 
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commercial mathematical software, which will be used in all FFT conversions in this thesis.  
Figure 18 shows FFT conversion of the input signal used in modeling. 
 
Figure 18. FFT graph of 100 kHz Hanning wave 
It is seen that after the transform is applied to the wave, a singular peak at 100 kHz shows 
up.  While changes in time domain are easy to detect if and only if one wave is present and the 
changes are drastic, it becomes much more difficult when dealing with multiple waves and very 
small changes.  This is where FFT becomes a very useful tool.  Since delamination damage is 
very thin, Lamb waves are not reflected as clearly as seen in other damage types, such as the 
aluminum beam damage seen in Chapter 3.  By using FFT, even very small changes to the waves 
can be extracted and analyzed more easily.  
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3.3. Parametric study of delamination in composite beams 
3.3.1. Parameter selection 
3.3.1.1.Dimensions 
The dimensions of the beam were chosen to closely resemble the beams to be tested in 
laboratory.  The beam length of 1200 mm is the same as the experimental beams, and the 
thickness of 12 mm was chosen from the example composite given in Chapter 2. 
3.3.1.2.Element size 
The size of the elements was selected by means of a convergence study.  Based on the 
maximum amplitude in the sensor readings from the undamaged beam, a convergence study was 
performed to determine a suitable element size.   
Table 2. Element size convergence study 
Element Size (mm) Max Amplitude 
0.75 2.433E-02 
1.5 2.433E-02 
3 2.439E-02 
6 2.476E-02 
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Figure 19. Element size convergence study 
It was proven that 1.5 mm elements will provide accurate results for the modeling.  This 
was taken as the maximum side length for elements to be used.  In the case of damaged models, 
mesh refinement near the damaged area created smaller element sizes.  By using only 1.5 mm 
elements and smaller it is assured results are sound.  However, decreasing element size increases 
the time of computer simulation.  In order to minimize simulation time, elements will be sized as 
close to 1.5 mm as possible. 
3.3.1.3.Damage size 
The thickness of the damage was taken from typical resin layer thickness.  As expected, resin 
layer thickness depends on the manufacturer and material type.   A range of 0.10-0.50 mm can be 
considered typical [26].  It was chosen to use 0.25 mm thickness for most models in the 
parametric study.   Further discussion on this selection can be found later in the chapter. 
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3.3.2. Lamb wave response in undamaged composite beams 
The modeling process very closely follows the same steps discussed in Section 2.2.  
Material properties and element types have been modified but the overall process follows the 
same steps.   The element types used in the composite modeling are PLANE182, CONTA175 
and TARGE169.  The PLANE182 element is used for the orthotropic material.  The CONTA175 
and TARGE169 elements are used to define the delamination surfaces.   
The contact elements prevent overlap of material during vibration.  Instead of 
overlapping, if the surfaces come in contact they are subjected to normal and tangential loads 
similar to those that would be observed in real applications.  The CONTA175 element is applied 
to a point, in this case to all the points along one side of the delamination.  The TARGE169 
element is used to create a 2-D surface on the other side of the delamination.  
 
Figure 20. CONTA175 and TARGE169 elements 
When the CONTA175 element comes in contact with the target surface, forces are 
generated to simulate contact.  To prevent penetration, FTOLN, is set to zero in ANSYS and the 
default stiffness values are used.  The default values are dependent on material properties, 
element size and degrees of freedom in the model.  Stiffness values are updated automatically 
throughout the simulation using KEYOPT(10) = 2.  The stiffness changes are based on the mean 
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stress of the underlying elements and the previously defined allowable penetration.  With these 
properties, the model will more accurately simulate real applications.  First an undamaged beam 
was modeled for benchmark values.  The properties of the beam can be found in section 3.1.  
The beam was modeled using a 2D side view prospective, with length in the X-axis and 
thickness in the Y-axis.  This orientation was used to ensure a “through the thickness” analysis.  
By orienting the thickness in the Y-axis, damage was able to be placed inside the beam, 
simulating non-visible delamination damage.   
 
Figure 21. Undamaged composite beam 
Loading was applied to the beam at the actuator location in the form of a 100 kHz 
Hanning window flexural wave.  The load was applied via four nodes, two at the top and two at 
the bottom of the beam.   The five count Hanning wave was applied using the function 
𝐹(𝑡) = {
𝐴 ∗ (1 −
cos(2𝜋𝑓𝑡)
5
) ∗ sin(2𝜋𝑓𝑡) ,⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡0 ≤ 𝑡 < 0.00005
0⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡,⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡0.00005 ≤ 𝑡
  (6) 
Where A = 1000 N,  f = 100 kHz, t = time and F(t) = loading force history. 
The loads on the top two nodes were applied as compression while the bottom two nodes 
were loaded in tension initially, and alternate direction after each cycle.  This accurately 
simulates actuators applied to the top and bottom of the beam.  
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Figure 22. Actuator loading nodes 
After the load is applied, results were obtained at the sensor.  The data collected was the 
difference of displacement in the x direction between two nodes.  The nodes used are at the top 
of the beam to simulate the surface the sensor will be applied to in experiments.   
 
Figure 23. Sensor nodes 
The results from the undamaged beam will provide the benchmark against which 
damaged results can be compared. 
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Figure 24. Strain-time history of undamaged composite beam 
3.3.3. Lamb wave response in the damaged composite beam 
To simulate delamination damage in the composite beams, small sections of the beam 
were removed.  The section removed represents the damaged interface bond in the composite 
material.  The thickness of the section removed was based upon the typical thickness of the resin 
layer of composite laminates.   
 
Figure 25. Typical damaged composite beam   
3.3.4. Sensor responses of ultrasonic waves in the damaged composite beam 
Results from the damaged beam simulated are summarized and shown in Figures 26-29. 
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Figure 26. Strain-time history of damaged composite beam, 15mm x 0.25mm 
 
Figure 27. Strain-time history of damaged composite beam, 40mm x 0.25mm 
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Figure 28. Strain-time history of damaged composite beam, 60mm x 0.25mm 
 
Figure 29. Strain-time history of damaged composite beam, 80mm x 0.25mm 
It is difficult to see the difference in the responses at varying levels of damage from these 
graphs alone.  Even when the graphs are superimposed it is very difficult to determine the 
change between them. 
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Figure 30. Strain-time history comparison 
It is apparent that further data reduction methods are needed.  While some changes in the 
time domain responses can be seen, determining the level of damage from these graphs alone is 
near impossible.  This is where FFT will help clarify the results.  
3.3.5. Data reduction by FFT 
In order to make the results from the previous section easier to analyze, FFT is applied.  
The goal of the data reduction is to develop a method for relating damage to parameters obtained 
from FFT.   
i) Wave Package Selection 
A question that arises is which portion of the response should be used to calculate the 
potential index and relate them to damage.  To answer this question, several packages were 
analyzed.  First, two sections showing distinct differences in the time domain graphs were 
analyzed.  In some cases, such differences may not be as apparent and another method must be 
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used.  To account for this, a relationship between time of flight and the wave section was 
developed.  The propagation of the incident wave will follow several paths to reach the sensors.  
The diagram below show the fastest possible wave paths to the sensor. 
 
Figure 31. Wave propagation paths 
We are most interested in these three paths, as any further interaction with the boundary 
will further dissipate the waves.  Using the distance of the wave paths and approximate speed 
based on the time between responses 1 and 2, an approximate window was developed to capture 
all wave paths shown in Figure 31.  A convergence study on this window was performed and is 
included later in the chapter. 
By using both methods of window selection for data reduction, a better understanding of 
the data reduction will be developed.  This section will incorporate results and discussion on all 
three sections chosen.  For clarity, the sections picked based on time domain differences are 
labeled Section 1 and 2, while the section based on time of flight is labeled Full Section.  
Discussion on the methods used and results for Sections 1 and 2 will first be given, followed by 
the results of the full section. 
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 (a) 
(b) 
(c) 
Figure 32. Wave package separation (a) full response (b) Section 1 (c) Section 2 
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These sections were selected because of the apparent differences in response based on 
damage size.  The wave types in these sections may not be able to be identified individually, but 
by keeping the analysis region the same throughout, changes to the total wave package can be 
recorded.  FFT data for each delamination size was obtained through MATLAB.  One such FFT 
plot is shown below. 
 
Figure 33. FFT graph of Section 2 of the beam with a 40 mm x 0.25 mm defect 
The major wave frequencies were defined as peaks above 10% of the maximum 
amplitude, shown by the red line in Figure 33.  This cutoff mark ensured separation of the noise 
from the key frequencies.  In addition, the energy of a wave is related to the amplitude squared.  
At 10% amplitude, the energy level would only be 1% of the largest peak, making it 
insignificant.  For all sections, the frequencies and corresponding amplitudes were recorded. In 
the sections where frequencies present in the undamaged beam were not found, a “0” was used 
as a placeholder.  
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Table 3. Section 1 frequencies and amplitudes 
Frequency (kHz) 
Beam F1 F2 F3 F4 F5 
Undamaged 74 84 94 126 158 
15mm 75 0 96 128 160 
40mm 75 0 107 128 0 
60mm 0 85 0 128 160 
80mm 75 0 0 128 0 
Amplitude 
Beam A1 A2 A3 A4 A5 
Undamaged 0.025 0.029 0.042 0.025 0.01 
15mm 0.027 0 0.056 0.028 0.013 
40mm 0.01436 0 0.1115 0.0276 0 
60mm 0 0.041 0 0.026 0.009 
80mm 0.069 0 0 0.007 0 
 
Table 4. Section 2 frequencies and amplitudes 
  Frequency (kHz) Amplitude 
Beam F1 F2 F3 A1 A2 A3 
Undamaged 85 111 125 0.13 0.236 0.16 
15mm 83 108 0 0.0609 0.38 0 
40mm 83 108 0 0.092 0.149 0 
60mm 0 100 0 0 0.142 0 
80mm 0 92 0 0 0.269 0 
 
This data allows for some understanding of wave behavior with increasing damage.  For 
example, it is easy to see that in section 2 as damage increases, frequencies are either completely 
removed from the wave or lessened.  The loss of a wave frequency may be due to wave 
transformation due to damage or dissipation to the point of insignificance.   
Using this data, information about the energy of the wave can be obtained.  The general 
equation for power transmitted by a wave is given as 
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𝐸 =
1
2
µ𝜔2𝐴2𝜈.        (7) 
Where, µ = material density, ω = angular frequency, A = Amplitude, ν = wave speed. 
Density remains constant for all beams.  Since the calculation time period is held constant 
for all tests, the wave velocity can also be assumed constant for all cases.  This leaves energy as 
a function dependent on the squares of frequency and amplitude.   
 From here, the data obtained from FFT graphs can be used to compare the squares of the 
differences in both frequency and amplitude.  Using the equations ∑ (𝐹𝑖 − 𝐹𝑜𝑖)
2𝑛
𝑖  and 
∑ (𝐴𝑖 − 𝐴𝑜𝑖)
2𝑛
𝑖 , where Ao and Fo represent the undamaged amplitude and frequency, and Ai and 
Fi represent the damaged amplitude and frequency, the relationships with the damage 
characteristics can be studied.   
 
Figure 34. Sum of the square of the difference of the frequencies present 
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Figure 35. Sum of the square of the difference in present amplitudes present 
Some small relations may be able to be formed from these graphs; however they are still 
not conclusive in showing a definite trend.  The changes to one variable alone cannot be used to 
indicate damage.  Instead, how both variables change simultaneously may be more indicative.   
Using the data, a covariance study of the energy can be calculated.  Covariance is a measure of 
how two variables change together, in our case frequency and amplitude.  When both amplitude 
and frequency of a wave is changed there is large indication of damage.  By finding the 
covariance, an index relating the damage to the covariance of energy change can be formed.  The 
following equation was used to find the covariance of energy change.    
𝛴[(𝐹𝑖 − 𝐹𝑜𝑖)
2 ∗ (𝐴𝑖 − 𝐴𝑜𝑖)
2]    (8) 
Using this equation, the following results were obtained. 
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Figure 36. Covariance of energy change at Section 1 
 
Figure 37. Covariance of energy change at Section 2 
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Figure 38. Covariance of energy change for full section 
The graphs show a trend of increasing change of energy with increasing delamination 
size.  It is important to note here that the values are not exactly the change in energy but rather a 
proportional value that indicates change of energy.   
From here, an index was created relating covariance of energy change to damage size.  
As a baseline, the energy present in the undamaged beam was calculated from the 
equation⁡∑ (F𝑜𝑖
2 ∗ A𝑜𝑖
2 )𝑛𝑖 .  Using this value the ratio of total energy change to that of the 
undamaged beam can be calculated. 
Table 5. Covariance of energy change 
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Section 1 
Damage size 
(mm) 
Covariance of energy 
change 
15 0.1588 
40 0.2475 
60 0.5088 
80 0.6429 
Section 2 
Damage size 
(mm) 
Covariance of energy 
change 
15 0.3312 
40 0.3311 
60 0.4330 
80 0.4324 
Full Section 
Damage size 
(mm) 
Covariance of energy 
change 
15 2.005E-05 
40 3.020E-05 
60 3.302E-05 
80 4.154E-05 
 
From Table 8 the damage sizes can be divided into two groups for Sections 1 and 2;small 
damage, roughly 1-3% total length and large damage, 5-7% total length.  The corresponding 
ranges of covariance of energy changes are 15-35% and 40-65%.   
By using the full section, it is seen that the total energy change is also increasing with 
damage size, but at a much smaller scale than in either of the individual wave packages. 
3.3.6. Varying delamination thickness   
As mentioned earlier, literature suggested 0.1-0.5 mm thickness is a typical range of resin 
layer [26].  Simulations at 0.1, 0.25 and 0.5 mm were performed, with a delamination length of 
60 mm.    
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Figure 39. Comparison of wave responses of different delamination thicknesses 
 
Figure 40. Zoomed in region of wave responses 
It is seen that the thickness of delamination at these sizes does not greatly influence the 
responses in the time domain.  Data reduction by means of FFT helps clarify the results.  Using 
the same method shown in section 3.2.5, the effect of delamination thickness can be further 
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examined.  The same two wave packages were analyzed and the change of covariance of the 
energy was found for each model. 
 
Figure 41. Covariance of energy change with varying delamination thickness size at section 1 
 
Figure 42. Covariance of energy change with varying delamination thickness size at section 2 
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Figure 43. Covariance of energy change with varying delamination thickness size for full section 
The effect of varying delamination thickness is now much more apparent.  The graphs 
show what is to be expected, no matter if the wave package is reflected by the damaged or 
transformed.  A larger damage would reflect more of the incident wave and reduce the energy of 
waves traveling through it.  While the changes at this scale are quite small, the trend is apparent 
and gives validity to the data reduction method.   
3.3.7. Varying delamination location 
Detecting the location of the damage is also an important aspect of structural health 
monitoring of composites.  Models with delamination damage at varying locations and depths of 
the beams were tested.  First let us look at varying x-coordinates of the delamination with the 
depth held constant.  Beams with damage centered at x = 500 mm, 600 mm, 700 mm were 
modeled.  Since horizontal location is based on time of flight, only the time domain was used.  
For consistency, the same two wave packages used throughout this chapter were observed. 
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Figure 44. Time domain response at section 1 with varying damage locations 
 
Figure 45. Time domain response at section 2 with varying damage locations 
From the time of flight of arrival of package one, it can be assumed this wave is reflected 
from the damage.  The wave occurs after the incident wave and the wave from the left boundary, 
but too soon to be a reflection from the right boundary.  It is not possible to distinguish wave 
types within the package 2, so exact location cannot be found.  It is possible to compare the time 
of flight within section 1 to gather evidence to support the assumption this wave package is 
reflected.  By simply comparing the time of arrival of the peak in the first wave this can be 
tested.   
Table 6. Damage locations and time of flight 
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Location of Damage (mm) Time of Peak (s) 
500.0 1.6375E-04 
600.0 1.6500E-04 
700.0 1.6625E-04 
 
 
Figure 46. Arrival time of peak with varying damage locations 
The results are consistent with that of a wave being reflected by the damage.  With the 
time of flight of peak arrival, the wave speed can be calculated.   
Next the depth of the delamination damage was examined.  The variation of depth will 
simulate delamination between different layers of the composite laminates.  Beams with damage 
at depths y = 3 mm, 4.5 mm, 6 mm, 7.5 mm, 9 mm.  For this section the horizontal damage 
location and delamination thickness were held constant, at 600 mm and 0.25 mm respectively.    
The depths correspond to the interfaces of 1.5 mm thick layers within the composite.  Looking at 
the time domain responses at the two previously used sections, some variation is seen.   
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Figure 47. Time domain response at section 1 with varying damage depth 
 
Figure 48. Time domain response at section 2 with varying damage depth 
The variation in response shows more movement in damage closer to the edge of the 
beam.  This makes sense since the closer to the center of the beam the damage is, the more it is 
constrained by the material surrounding it.  In addition, the moment of inertia is more affected by 
removing a section away from the centroid.  This reduction of I reduces the stiffness of the 
material, further explaining the larger displacements from such damage.  Also the response looks 
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to be near symmetrical about the center of the beam.  To further understand the behavior, FFT 
data reduction method is again used.  The change of covariance of energy shows the 
relationships more clearly. 
 
Figure 49. Covariance of energy change at section 1 with varying damage depth 
 
Figure 50. Covariance of energy change at section 2 with varying damage depth 
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Figure 51. Covariance of energy change for full section with varying damage depth 
The figures above show a higher change of covariance of energy with damage near the 
center of the beam.  This too can be explained by the amount of material confining the damage.  
When the damage is near the center, the material contains the vibration and reduces the energy of 
the wave passing through.  Since the behavior is symmetric as expected, a standardized relation 
between distance from the center (yd), thickness (t) and covariance of energy change can be 
developed.   
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Figure 52. Covariance of energy change vs distance of damage from center 
3.3.8. Full section convergence study 
Results above for the “full section” were found using a window size of 0.0017 s.  Since 
the time window was based on an approximate wave speed, a convergence study was done to 
ensure the entirety of the third wave path was incorporated.  
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Figure 53. Convergence study of covariance of energy change of damaged beam based on 
window size 
The convergence study shows that the window selected was of appropriate size. 
3.3.9. Multiple delamination detection 
To explore the possibility of locating multiple sources of delamination, a beam with two 
areas of delamination was modeled.  The damages were 60 mm by 0.25 mm and placed at X = 
600 and X = 800.  Figure 54 shows the wave response of this beam compared with the 
undamaged beam as well as a damaged beam with a singular delamination. 
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Figure 54. Wave response comparison for a beam with multiple damages 
The differences in wave response is again difficult to interpret.  The wave response in the 
boxed area shows differences in all three beams, which can be assumed to be caused by the 
delamination areas.  Further study may be done for cases of multiple delamination damages in 
order to more clearly identify the effects from such damage.   
3.4. Summary 
In this chapter a method for modeling and assessing composite beams with delamination 
damage was developed.  Previous works had cited the small change in Lamb wave response due 
to delamination as a prohibitive factor in accurately analyzing such damage.  Through the use of 
FFT as a data reduction method, these small changes were able to be more easily analyzed.  Using 
FFT analysis and covariance of the located signals, an index was developed for relating the damage 
size with the covariance of energy change.   
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CHAPTER 4.  EXPERIMENTAL DETECTION OF 
DELAMINATION IN LAMINATED COMPOSITE BEAMS 
THROUGH COVARIANCE OF ENERGY CHANGE OF 
ULTRASONIC WAVES 
4.1. Introduction 
In order to show the methods developed in this thesis are applicable, testing of the 
method on real samples is necessary.  This chapter will manufacture the carbon fiber 
experimental specimen, perform experimental testing of carbon fiber reinforced polymer beams, 
and verify the modeling techniques discussed in Chapter 3.  Through the innovative data 
reduction methods suggested in Chapter 3, it was proven that a correlation exists between 
delamination sizes and wave responses.   
4.2. Beam manufacturing 
The beams used for the wave propagation experiments were manufactured in the 
mechanical engineering labs here at NDSU, allowing for easy control over the delamination size 
and location.   The beams are composed of 8 layers of a unidirectional, 6k carbon fiber and 
Araldite LY 8604 resin.   The composites were arranged with a [0/90/±45]s layup.  A total of 10 
beams were produced, with varying delamination depths and sizes.  These two parameters were 
chosen as the variables because they showed the strongest correlation to the covariance of energy 
change in the modeling portion.  The geometry of all beams was held constant for comparison 
and are shown below. 
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Table 7. Beam geometry 
L 1200 mm 
w 25 mm 
t 3.4 mm 
 
Where L = length, w = width and t = thickness.  Table 11 shows the beams and their 
respective delamination sizes, depths and locations. 
Table 8. Beam specifications 
 
Delamination Location 
(mm from left end) 
Delamination 
Size (mm) 
Delamination Depth 
(mm from surface)* 
Beam 
1 500 - 520 20 0.425 
Beam 
2 500 - 520 20 0.425 
Beam 
3 500 - 520 20 0.425 
Beam 
4 500 - 560 60 0.85 
Beam 
5 500 - 560 60 0.85 
Beam 
6 500 - 560 60 0.85 
Beam 
7 500 - 600 100 1.275 
Beam 
8 500 - 600 100 1.275 
Beam 
9 500 - 600 100 1.275 
Beam 
10 Undamaged N/A N/A 
*Depth based on assumption of equal layer thicknesses 
 
In the interest of time and cost, beam properties were taken from a similar composite and 
then verified using a tensile strength test for comparison.  The calculated properties were taken 
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from a common carbon fiber composite, with the thickness and layout of the beam used in our 
experiments.  The beam used for approximation had the properties shown in Table 12. 
Table 9. Beam properties 
L 1200 mm Gxy 22,640 MPa 
t 3.4 mm Gxz 5,833 MPa 
w Unit width Gyz 5,833 MPa 
Ex 58,190 MPa νxy 0.289 
Ey 58,190 MPa νxz 0.289 
Ez 6,000 MPa νyz 0.500 
ρ 1.56 g/cm3 
 
Where L = beam length, t = beam thickness w = beam width, E = modulus of elasticity, 
ρ = material density, G = shear modulus, and ν = Poisson’s ratio.  Samples were then tested in 
order to verify the properties calculated.   
 
Figure 55. Tensile test of the composite beam 
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Figure 56. Tensile test results 
From this test, the longitudinal modulus of elasticity was determined to be roughly 
45,000 MPa.  While this value is close, there is some disparity which can be accounted for by the 
cross sectional area of the specimen.  The value of 45,000 MPa is calculated under the 
assumption of constant thickness for the entire width.  Figure 57 shows this is not the case. 
 
Figure 57. Cross section of composite beam 
The modulus of elasticity can then be converted to a more accurate value using the 
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the actual cross sectional area was found to be 78 mm2 compared to the constant thickness cross 
sectional area of 85 mm2.  This gives a ratio of 0.92.  Applying this ratio to the modulus of 
elasticity, which is inversely proportional to the cross sectional area, an adjusted modulus of 
48,913 MPa is found.  This is relatively close to the calculated value of 58,190 MPa, proving the 
approximate properties used for modeling to be acceptable.   
4.2.1. Creating delamination damage in the beams 
Delamination damage was made during the manufacturing process through the use of a 
very thin Teflon sheet.  The sheet was placed at the desired location between the appropriate 
layers during the layup process.  After curing the sheet was removed, creating a void in the beam 
which simulates normal delamination damage.  This damage can still be difficult to detect with 
the naked eye as shown in Figure 58.   
Size range of delamination was chosen to closely mimic the beams analyzed during the 
modeling performed in Chapter 3.  The depth of the delamination was controlled by introducing 
delamination between differing layers.  For example, delamination introduced between the 
exterior most layers has a depth of 0.425 mm, assuming all layers are of equal thickness.   
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(a) 
(b) 
Figure 58. Close up of a damaged (a) and an undamaged (b) beam 
4.3. Experimental delamination detection in composite beams 
4.3.1. Set up 
An experiment is set up with locations of actuators and sensors following the 
configuration in Fig. 78.
 
Figure 59. Layout of experimental beams 
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i) Boundary Conditions 
The boundary conditions for the experiments were taken as free-free.  These were 
simulated using low-resistance elastic bands.  The beams were hung from the bands, allowing 
displacement in both the vertical and horizontal axes.   
ii) Actuator and Sensors 
The actuator and sensors used in the experiments were small PZTs which could be used 
to both send and receive a signal.  Voltage is supplied to the actuator, causing it to deform and 
transfer the desired wave to the beam.  PZTs acting as sensors undergo deformation from the 
wave and send the corresponding voltage to a recording device.   The PZTs were bonded to the 
composite beams at the 150 mm, 350 mm and 900 mm locations.  The first acted as the actuator, 
while the remaining two were used as sensors to capture the Lamb waves. 
 
Figure 60. Bonded PZT – top view 
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Figure 61. Bonded PZT – side view 
The actuator was then connected to an output device, the Agilent 33220A Waveform 
Generator.  An oscilloscope, the Tektronix TDS 2012B, was used for data collection.   
 
Figure 62. Agilent 33220A waveform generator 
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Figure 63. Tektronix TDS 2012B oscilloscope 
The PZTs were connected to the devices by soldering wires to the designated areas, 
which in turn were connected to the oscilloscope and waveform generator via coaxial cables.  To 
enhance the output signal, a 10X amplifier was connected between the sensor and the 
oscilloscope. 
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Figure 64. Wire connection to bonded PZT 
iii) Loading 
The input wave used for the experiments was a five count Hanning window burst, as 
consistent with the previous discussion in this thesis.  To determine the frequency to be used, a 
frequency sweep was performed with the waveform generator.  The frequency that proved to 
optimize the sensor output was found to be 5 kHz.  A maximum of 10 volts peak to peak was 
used for the amplitude. 
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Figure 65. Output wave 
4.3.2. Data collection and reduction 
For all ten beams the time domain graphs were obtained at both sensor locations.  Similar 
to the comparisons of the time domain graphs from the modeling in Chapter 3, it was difficult to 
determine which waves were affected or produced by the delamination damage. 
 
Figure 66. Time domain comparison of wave responses in beams 4 and 10, sensor 1 
As shown in the figure above, the initial wave captured by the sensor is very similar.  
After this, however, the two graphs diverge.  Interpreting the changes would prove to be quite 
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difficult.  This is where the data reduction method introduced in Chapter 3 becomes helpful.  
Implementing the data reduction by the FFT method discussed in Chapter 3, the covariance of 
energy change is used as a method to analyze the damage.   
Wave packages to be studied were selected in the same manner as those in Chapter 3.  
For Sensor 1, analysis was done on two sections that appear to have major differences in the time 
domain graph, as well as the “full section” based on time of flight.  Details can be found in 
Section 3.3.5.  For Sensor 2, only the full section analysis was performed.   A convergence study 
of the full section time window is included for each sensor at the end of the results. 
4.4. Results 
Results were compiled for each beam and section in the same manner as Chapter 3.  The 
covariance of energy change was found and compared for each variable. 
4.4.1. Varying delamination size 
i) Sensor 1 Section 1 
Results were separated into graphs of the same delamination depth with varying 
delamination sizes. 
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Figure 67. Covariance of energy change at sensor 1, section 1, between 0/90 
 
Figure 68. Covariance of energy change at sensor 1, section 1, between 90/+45 
0
1E-08
2E-08
3E-08
4E-08
5E-08
6E-08
7E-08
0 20 40 60 80 100 120
C
o
va
ri
an
ce
 o
f 
En
e
rg
y 
C
h
an
ge
Delamination Size
Damage between 0/90
0
0.0002
0.0004
0.0006
0.0008
0.001
0 20 40 60 80 100 120
C
o
va
ri
an
ce
 o
f 
En
e
rg
y 
C
h
an
ge
Delamination Size
Damage between 90/+45
70 
 
 
Figure 69. Covariance of energy change at sensor 1, section 1, between +45/-45 
 
Figure 70. Covariance of energy change at sensor 1, comparison 
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ii) Sensor 1 Section 2 
 
Figure 71. Covariance of energy change at sensor 1, section 2, between 0/90 
 
 
Figure 72. Covariance of energy change at sensor 1, section 2, between 90/+45 
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Figure 73. Covariance of energy change at sensor 1, section 2, between +45/-45 
 
Figure 74. Covariance of energy change at sensor 1, section 2, comparison 
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iii) Sensor 1 Full Section 
 
Figure 75. Covariance of energy change at sensor 1, full section, between 0/90 
 
Figure 76. Covariance of energy change at sensor 1, full section, between 90/+45 
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Figure 77. Covariance of energy change at sensor 1, full section, between +45/-45 
 
Figure 78. Covariance of energy change at sensor 1, full section, comparison 
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iv) Sensor 2 Full Package 
 
Figure 79. Covariance of energy change at sensor 2, full section, comparison 
v) Summary 
As shown in the results above, the two individual wave packages did not show a definite 
correlation between delamination size and covariance of energy change.  However, when looking 
at the full section results, it can be seen that with increasing delamination size the covariance of 
energy change increases.  The correlation is consistent to what was found in the modeling.  This 
strengthens the case for using the full section method rather than arbitrarily choosing wave 
sections that appear different in the time domain.  By including the entire section, the chance of 
missing a wave that has transformed or generated by the damage is much less likely. 
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4.4.2. Varying delamination depth 
This section shows the results of the experimental testing with variable delamination 
depth.  
i) Sensor 1 Full Package 
 
Figure 80. Covariance of energy change at sensor 1, full section, comparison 
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ii) Sensor 2 Full Package 
 
Figure 81. Covariance of energy change at sensor 2, full section, comparison 
iii) Summary 
The graphs show a correlation between depth of delamination and covariance of energy 
change for both Sensor 1 and 2.  This correlation of increased change as the delamination 
approaches the center of the composite is consistent with the results found in Chapter 3 
modeling.  Again this helps prove the case for using the full section analysis method. 
4.4.3. Convergence study of time window 
To validate the size of window used for the full section analysis, convergence studies 
were performed for both sensors.  A range of near 2.00E-3 seconds was set using the previously 
described technique involving time of flight.  This length of wave package is assumed to capture 
the most important propagation paths based on the time of flight.  
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Figure 82. Convergence of time window size for sensor 1 
 
Figure 83. Convergence of time window size for sensor 2 
For both sensors, a wave package window of 2.10E-3 s was used.  Figures 82 and 83 
show that this captured the majority of the covariance of energy change within this range. 
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4.5. Modeling validation 
As a means of validating both the results found from the experimentation and the 
modeling portion of this thesis, data from the experiment and a model to replicate the experiment 
were compared.  By using the same methods outlined in Chapter 3 for modeling delamination 
damage, correlation can be found between experimental and modeling results.   
Using the properties calculated for the experimental beam, a model was created using the 
ANSYS software.  The model was subjected to loading very similar to the load used for 
experimentation.  The frequency and length of the loading remained constant.  Due to differences 
of input method, the amplitude varied slightly between model and experiment.  This change does 
not affect the wave response in any vital facet, such as wave speed or wave type.  Rather, the 
amplitude of the responses will differ in a manner proportional to the input.   
In the model, a delamination thickness of 0.05 mm was used.  This value was chosen 
from the thickness of the sheet used to simulate delamination damage during production.  As 
discussed in Chapter 3, contact elements were used at the faces of delamination to simulate 
contact due to vibration.  The signal responses from a damaged and an undamaged beam were 
compared. 
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Figure 84. Comparison of model vs experiment wave responses, undamaged beam 
 
Figure 85. Comparison of model vs experiment, damaged beam 
It can be shown that while there are some minor differences in the graphs, the response is 
very well mimicked by the model.  Amplitude is different in both graphs, however it is a 
consistent difference which shows similar dissipation.  The accurate response of both the 
undamaged and damaged models validates the modeling techniques used. 
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4.6. Summary 
In this chapter delamination damage in composite beams was detected and analyzed 
through laboratory experiments.  Composite beams were manufactured through collaboration 
with the mechanical engineering department, which also aided in the finding of the beam 
properties.  The purpose of this chapter was to validate the data reduction methods introduced in 
Chapter 3.  By producing similar results in real applications, the concepts of data reduction by 
FFT were validated.  Data analysis was performed on small sections as well as a more complete 
wave package, similar to Chapter 3.  The full wave package method proved to be the more 
reliable method, showing a correlation with covariance of energy change in both damage size 
and depth.  The correlations closely mirrored those found in the modeling, further strengthening 
the validity of our innovative data reduction method. 
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CHAPTER 5. CONCLUSIONS AND RECOMMENDATIONS 
5.1. Conclusions 
This thesis introduced an innovative data reduction method for easier detection of 
delamination damage in composite laminates.  Using the existing technique of introducing Lamb 
waves as a means of structural health monitoring, data was collected and interpreted by means of 
data reduction through FFT.  By applying FFT to response waves, the key frequencies and 
corresponding amplitudes were able to be identified.  This led to the concept of covariance of 
energy, which was used to quantify the change of response to Lamb waves due to delamination 
damage.   
In the modeling portion of the thesis, Chapter 3, different aspects of damage were tested 
in long, thin carbon fiber composite beams.  These included delamination length, thickness, 
depth and location.  It was proven that correlations between covariance of energy change and 
delamination length, thickness and depth exist.  The method was tested both over small wave 
packages and a full wave package.  As both delamination length and thickness increased, it was 
seen that so did covariance of energy change.  Regarding the depth of the damage, results 
showed that as the damage approached mid-thickness, the covariance of energy change 
increased.  These results were consistent through both small packages analyzed as well as the full 
package. 
 Chapter 4 included the experimental testing of carbon fiber laminate beams.  The beams 
were manufactured on site, with simulated delamination damage introduced.  Although we were 
unable to vary the thickness of delamination, the length, location and depth of the damage was 
controlled.   With these beams, testing was performed to closely follow the conditions used in 
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Chapter 3.  Two small wave packages and one full wave package were analyzed using the new 
data reduction technique.  Results showed that the full wave package produced the same 
correlations found in Chapter 3.  As length of the delamination increased, the covariance of 
energy change did too.  Similarly, as damage approached mid-thickness of the beam the 
covariance of energy change increases.  The same trends were not found using the smaller wave 
packages.  This suggests it is better to use the larger wave package, which was defined in size by 
the relation of specimen length and wave speed.  In some cases the smaller package may show 
the same trends, but due to the somewhat arbitrary selection of the window size it may not be 
indicative of the true conditions. 
5.2. Recommendations and future work 
The principles developed in this thesis will be helpful in furthering the field of structural 
health monitoring.  One area for future work related to this research includes further 
investigation of multiple delamination detection.  In real application, delamination is not likely to 
be contained to a single region.  In order to be effective, one must be able to find multiple 
sources of delamination and their severity.   
Another area for future work would be the application to complex structures.  In order to 
monitor structures such as aircraft bodies, the detection method must be able to travel in multiple 
directions.  From the groundwork provided in this thesis, progress can continue toward using the 
methods introduced to real world applications. 
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APPENDIX.  COMPOSITE MODELING 
The appendix includes examples to show that composite materials are able to be modeled 
correctly using the ANSYS software.  There are several methods for modeling composites in this 
software.  A complete overview of the modeling methods and appropriate element types can be 
found in Barbero’s 2013 book devoted solely to this topic [44].  Composites can be modeled 
using either shell or solid elements.  This section includes examples using both methods.   
In addition to verifying the ability to model composites correctly, it is important to show 
damage can be simulated in the materials.  Since the focus of this research deals with 
delamination detection, an example showing how to model delamination is necessary. 
A.1. Loading responses of undamaged composite 
A simple example from Barbero’s book will be followed to demonstrate one method of 
modeling a composite laminate material.  The example can be found on pages 82-83 [44].  
Modeling will be recreated and the results will be verified to confirm correctness of the model.  
i) Problem Statement 
A simply supported square composite plate is subjected to a tensile loading.  Find the 
maximum deflection at the edge of the plate.  Properties are given in Appendix Table 1. 
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Table A1. Plate properties 
Layup [0/90/±45]s Loading 100 N/mm 
ax 1000 mm Gxy 4.306 GPa 
ay 1000 mm Gxz 4.306 GPa 
t 10mm Gyz 2.76GPa 
Ex 133.86 GPa νxy 0.301 
Ey 7.706 GPa νxz 0.301 
Ez 7.706 GPa νyz 0.396 
 
Where ax = length in x direction, ay = length in y direction , t = thickness,  E = modulus 
of elasticity, G = shear modulus and ν = Poisson’s ratio. 
ii) Element Type 
The element to be used for this model is the four node SHELL 181 element.  Six degrees 
of freedom are added to the model: UX, UY, UZ, ROTX, ROTY, ROTZ.  The options to use full 
integration (K3) and to store data for all layers (K8) are chosen. 
 
Figure A1. Element type 
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iii) Defining a Material 
A material is defined with the properties given in the problem statement.  
 
Figure A2. Material properties 
iv) Creating a Section 
Using the material just created, the appropriate layup of the composite laminate can now 
be constructed.  The section can be defined under Shell → Lay-up.  Since there are 8 layers with 
a total thickness of 10 mm, each layer will be 1.25 mm thick.  The number of integration points 
is chosen as 3 for each layer; top surface, bottom surface, and mid-plane.   
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Figure A3. Composite layer arrangement 
Once the section is defined, a preview of the entire section can be viewed to confirm the 
correct layups. 
 
Figure A4. Composite lay-up 
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v) Creating the Plate 
The plate is simply created as a rectangle using the Geometry tool. 
 
Figure A5. Composite plate geometry 
vi) Meshing 
In order to stay consistent with the reference problem, an element of size of 250 mm is 
used.  However, when creating a model of this type one may want to perform a convergence 
study to ensure accurate results are found with varying the meshes. 
 
Figure A6. Composite plate meshing 
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vii) Applying the Load 
The load is applied as a pressure to two opposite edges of the composite.  The input for 
pressure has input units of (N/mm) when using the MPa unit convention.  Sign convention for 
the pressure input is: compression (+), tension (-).  
 
Figure A7. Pressure application 
viii) Analysis/Results 
A static analysis is used, since the only load is a static load.  After solving the model, a 
variety of post-processing options are available to review the results.  The problem called for the 
maximum deflection.  From the model, maximum displacement is given as 0.206 mm.  This 
matches the answer given in [44]. 
ix) Comments 
By recreating the model and producing identical results, the use of ANSYS to model 
orthotropic composite materials is validated.   
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A.2. Loading responses of damaged composite 
It is important to verify delamination damage can be represented accurately using the 
ANSYS software.  This section provides an example that will confirm modeling of delamination 
damage in composite is possible.  The example was taken from the ANSYS Verification Models 
(VM) provided in the software.  VM248 shows the modeling process for delamination of a 2-D 
double cantilever beam.  The principles from this model will later be applied in Chapter 3 when 
modeling full composite laminates with delamination damage. 
i) Problem Statement 
A double cantilever beam is subjected to delamination damage at its free end.  Show the 
behavior of the beam as the delaminated sections undergo displacement in opposing directions. 
 
Figure A8. Double cantilever beam 
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Table A2. Double cantilever beam properties 
L 100 mm Umax 10 mm 
a 30 mm Gxy 5.2 GPa 
w 20 mm Gxz 5.2 GPa 
h 3 mm Gyz 3.08 GPa 
Ex 135.3 GPa νxy 0.24 
Ey 9.0 GPa νxz 0.24 
Ez 9.0 GPa νyz 0.46 
 
Where L = beam length, a = delamination length, w = beam width, h = beam thickness, 
E = modulus of elasticity, Umax = maximum deflection, G = shear modulus, and ν = Poisson’s 
ratio. 
ii) Element Types 
Three element types are defined.  Type 1 and 2 are 4-node SOLID 182 with the options 
for enhanced strain and plane strain selected.  Two identical element types are defined so the 
beam may be effectively split along the delamination.  Type 3 is a Cohesive Zone Element 202.  
This element type is used when defining contact surface behavior between the 2D quadrilateral 
elements. 
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Figure A9. Element selection 
iii) Defining Materials 
Two materials are defined for this example.  The first is the composite material, which is 
defined as a linear orthotropic material with the properties shown in Figure 95.   
 
Figure A10. Composite properties 
The second material is a cohesive zone material (CZM).  This will be used to connect the 
two layers of composite in areas where delamination has occurred.  The input parameters for this 
material are: C1, maximum stress (σmax); C2, normal separation (δn); and C3, shear separation 
(δt).  The reference provides these values as 25 GPa, 0.004 mm, and 1000 mm respectively. 
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iv) Meshing 
The beam is split into two layers, top and bottom.  Element size throughout the beam is 
taken as 0.75 mm x 50 mm.  The top layer is defined as element type 1, while the bottom is 
element type 2.  Next comes the interface meshing.  The elements joining the two layers, which 
are not in the delamination zone, are meshed using the CZMESH command.  This applies the 
CZM previously defined to the contact areas. 
v) Boundary Conditions/Loading 
The right end of the beam is fixed, creating the cantilever action.  Displacements are 
applied to the top most and bottom most nodes on the free end. 
 
Figure A11. Meshed composite beam 
vi) Analysis 
Static analysis is performed for this model.  Since the loading involved sizable 
deformation, the option for “Large Displacement” is used.  The solution is divided into 40 
subsets so a relationship between force and increasing deflection may be obtained. 
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Figure A12. Solution options 
vii) Results/Comparison 
From the post-processor there are many ways to observe and present the solution data.  
To validate the modeling process, VM248 provides several values to compare.  Shown below are 
the target values for the example and the corresponding values found from the model.  
Table A3. Comparison of results 
  Target Model 
Max value 
Fy (N) 60.0 60.1 
Uy (mm) 1.0 1.0 
At free 
end 
Fy (N) 24.0 24.3 
Uy (mm) 10.0 10.0 
 
Where Fy = reaction force in the y-direction and Uy = displacement in the y-direction. 
 
